Abstract Terrestrial herbs are important ecological components in tropical agroforests, but little is known about how they are affected by agricultural management. In cacao agroforests of Central Sulawesi, Indonesia, we studied the change in herb species richness, cover, and biomass over 3 years in 86 subplots subjected to high and low weeding frequency as well as fertilized and non-fertilized treatments. We recorded 111 species with rapid changes in species composition between the 3 years. Species richness increased sharply in the 2nd year, presumably as a result of changes in the management with the experimental regimes, and decreased in the 3rd, probably due to competitive exclusion. Species richness, cover, and biomass were all significantly higher in the infrequently weeded plots than in the frequently weeded ones, but there were only slight responses to the fertilization treatment. An indicator species analysis recovered 45 species that were typical for a given year and a further eight that were typical for certain treatments, but these species showed no clear patterns relative to their ecology or biogeography. We conclude that the herb assemblages in cacao agroforests are quite resilient against weeding, but that the cover of species shifts rapidly in response to management.
Introduction
Tropical agroforests, in which mostly coffee and cacao are cultivated under a canopy of shade trees, cover approximately 18 million hectares worldwide and are of oustanding economic and ecological importance (Donald 2004) . Agroforests typically harbour a high level of biodiversity (Bhagwat et al. 2008; Siebert 2000) , including a large number of terrestrial herbaceous plants (Steffan-Dewenter et al. 2007 ). Agroforestry can offer a number of ecosystem services that alleviate poverty in developing countries (Jose 2009 ), including soil erosion protection, increase of soil fertility (Partey 2011; Saito et al. 2008) , and CO 2 storing (Esmail and Oelbermann 2011) . Because herbs compete with the crop species for light, water, and nutrients especially when trees are young, and can also harbour diseases and pests, farmers commonly control herb populations by manual weeding or by applying herbicides (Aguillar et al. 2003) . On the other hand, herbs can be important host plants for insect pollinators or natural antagonists of pests and diseases Perfecto and Snelling 1995; Philpott and Armbrecht 2006) . Moreover, flowering plants are important to maintain high bee species richness and result in a better pollination in coffee plantations (Klein et al. 2003) . Herbaceous plants have often been neglected in biodiversity inventories of cacao and coffee plantations, with studies mostly focusing on trees, insects and vertebrates (Bisseleua et al. 2008; Philpott et al. 2008; Tscharntke et al. 2008; Abrahamczyk et al. 2008; Greenberg et al. 2000; Faria and Baumgarten 2007; Weist et al. 2010) .
The composition and diversity of herb assemblages in agroforests are influenced by management practices. Thus, the density and composition of the shade tree canopy ranges from rustic systems established under the thinned canopy of natural shade trees to technified systems completely lacking shade trees. The density and diversity of terrestrial herbs typically increases in plantations with a more open canopy (Zapfack et al. 2002) . However, many of the species found in sunny plantations are weedy, pantropical species (Zapfack et al. 2002) whereas more densely shaded plantations generally harbour species more typically found in forests (Bobo et al. 2006) , have more restricted ranges (Lozada et al. 2008) , and are of higher conservation concern ).
In the scope of an interdisciplinary project addressing ecological and socioeconomic aspects of Indonesian cacao agroforests , over 2 years we studied how management practices influence the diversity and composition of the terrestrial herb assemblages. We used the data to address questions regarding the impact of management in the cacao agroforests on herbaceous plant communities. We asked the following questions:
(i) Do species richness, cover, biomass, and composition of the terrestrial herb assemblages change over 2 years in relation to two management aspects (weeding, fertilization)? (ii) Are particular species typical for specific management regimes? (iii) Is there a relationship between the management regimes and the presence of native or weedy herb species?
Materials and methods

Study area
The study was conducted between 400 and 1000 m in the Kulawi and Palolo valleys adjacent to Lore Lindu National Park, Central Sulawesi (Fig. 1) Kessler et al. 2005; Clough et al. 2009 ).
Vegetation sampling
Our study was part of a larger project aimed at elucidating the relationships of cacao management and yield as well as biodiversity . We rented 43 plots, 22 in Kulawi and 21 in Palolo valley, of 40 m 9 40 m each, from the local farmers from July 2006 to October 2008. Plantations were selected to cover the widest possible range of elevation, shade tree density and diversity, and distance from the natural forest and were managed independently before the beginning of our experiment ). Plots were not treated with herbicides in the 6 month before the onset of the project. Twenty one plots were randomly assigned to a frequent manual weeding regime (every 2 months), the other 22 to infrequent manual weeding (every 6 months). Each plot was further divided into two 20 m 9 40 m subplots and one half fertilized twice a year with urea fertilizer (46% N) placing 217 g urea (100 g N) per cacao tree with aliquots placed into 10 holes around each tree.
Field work for the present study was conducted during the months of September and October of 2006, 2007 and 2008 . In 2006, we established in each plot two subplots of 8 m 9 8 m each, one in the fertilized and the other in the non-fertilized half (Fig. 2) . In the center of each subplot, we roped off an area of 5 m 9 5 m which was not disturbed except for the management activities of the cacao plantation. This area was used to monitor the composition of the herb vegetation by recording all terrestrial herb species and estimating their average height and total cover (in classes: 0-1, 1-5, 5-10, 10-20, 20-40, 4-60, 60-80, 80-100%) . Voucher specimens were collected and deposited in Herbarium Celebense, Palu (CEB), Herbarium Bogoriense, Bogor (BO), and the herbaria of Göttingen (GOET), Leiden (L), Zürich (Z), and UC Berkeley (UC, ferns only). In the peripheral area of the plots in Kulawi valley, we established 9 quadrats of 1 m 9 1 m each (Fig. 2 ). These were sampled destructively in each field season (2 in 2006, 3 each in 2007 and 4 in 2008) and samples were separated, dried and weighted by below-and above-ground components.
Data analysis
To estimates sampling completeness, we used the program EstimatesS v 8.2 (Colwell 2008) , applying the mean of eight species richness estimators (ACE, ICE, CHAO2, JACK1, JACK2, BOOTSTRAP, MMMEAN, MMRUNS) (Herzog et al. 2002; Chiarucci et al. 2003) .
To address changes in species richness, cover, and biomass in relation to the sampling years and to the management regimes, we performed repeated-measures ANOVAs separately for fertilization and weeding. To identify changes in species richness, cover and biomass we also used generalized linear mixed models (Bloker et al. 2009 ) obtaining quantitatively similar results to those of the repeated-measures ANOVAs; these results are not further shown here. To assess changes in species composition we used a principal component analysis (PCA) based on the Bray-Curtis similarity index (Oksanen et al. 2007 ). Further, we used Analyses of Similarity (ANOSIM) (Clarke et al. 2008) to assess if shifts in species composition between years or between management regimes where significant. Finally, we used indicator species analyses (Bakker 2008; Mouillon et al. 2002) to determine which species were characteristic for different years or management regimes. Indicator species were classified as typically growing in forests or in open habitats as well as being pantropical or having a geographical distribution restricted to Malayan archipelago based on personal field and herbarium experience ) and information from the literature. Analyses were performed in R (R Development Core Team 2007), with an additional function provided by R package vegan (Oksanen et al. 2007 ). Indicator species analysis was conducted with PCOrd 5.0 (Mc Cune Mefford 1999).
Results
Species richness, cover, and biomass
During the 3 years, we recorded 111 herbs species. The mean of the eight species richness estimators was 120 ± 6, indicating that our 43 study plots included about 90% of the herb species occurring in cacao plantations in the study region. (Fig. S1 ).
Species richness was significantly different between weeding treatments but not between (Fig. 3) . Comparing the years, herb cover increased significantly over the years in the weeding treatment but not in the fertilization treatment (Table 1; Fig. 3 ). Below-and above-ground biomass increased in both treatments: weeding and fertilizing the cacao plantation showed a positive and significant increase in biomass, differing between the years of treatment (Table 1 ; Fig. 3 ). Species composition Species composition of the plots shifted significantly over the years (ANOSIM: R = 0.24, P = 0.01), although this trend was mainly driven by a few plots, while the majority of plots only showed marginal changes (Fig. 4 ). An associated Indicator Species Analysis found that 45 species had significantly higher cover in a given year: 8 species in 2006, 15 in 2007, and 22 in 2007 (Table 2 ). However, we found no significant differences in the frequency of forest-based versus open-country species (G-test, G = 1.44, P [ 0.05) nor between pantropical and Malesian species (G-test, G = 0.93, P [ 0.05). Considering the experimental treatments, we found marginally significant shifts in species composition relative to weeding (ANOSIM, R = 0.018, P = 0.06) but not relative to fertilization (R = -0.04, P = 0.90). The indicator species analysis found five species with significantly higher frequency in plots weeded only every 6 months, three species typical for frequently weeded plots, and 2 species for plots that were fertilized (Table 3) .
Discussion
Overall, the results of our study can be summarized as follows: species richness, cover, biomass, and community composition all changed markedly between years and to a lesser degree between plots with frequent versus infrequent weeding, and with a minor effect for the fertilization treatments. The changes over the years can be explained by differences in management techniques in our experiment relative to the management conducted by the local farmers. In particular, farmers commonly use chemical herbicides to combat herbs. The increase in cover and species numbers between 2006 and 2007 was thus mainly the consequence of the stop of use of herbizides. Since most of the species newly recorded in 2007 are perennial rhizomatous herbs that were found as mature individuals, we assume that most of them were already present at the onset of the experiment but were simply not visible during sampling due to previous use of herbicides. Only two annual Asteraceae species, Bidens pilosa L. and Crassochepalum crepidioides (Benth.) Moore, played an important role in the herb assemblages, but only the latter increased in the course of the experiment. Thus, much of the increase of species numbers between the first 2 years is best explained by the full aboveground development of plants that were already there. The changes between the second and the 3 years in turn may reflect the competitive exclusion of some species by weedy species that, under reduced weed management intensity, could reach high cover and dominate the assemblages. Although fertilization is well known to affect the composition of terrestrial herb assemblages (Efthimiadou et al. 2009 ), in our experiment we only observed a small, but not statistically significant, increase of species number. However, the effect of fertilization was evident for both above-and belowground biomass. The fern Diplazium esculentum (Retz.) Sw. and the Urticaceae Elatostema parvum (Blume) Miq. Both increased significantly in the fertilized plots in the last year. Both of these are typically found in damp, nutrient-rich habitats such as road culverts and may thus be expected to respond positively to fertilization.
Contrary to our expectations, we did not find any directional shifts in the frequency of light-versus shade-loving or widespread versus Malesian species over the course of the experiment. Possibly, these aspects are more closely linked to the density of natural forest trees in the plantations and the distance to natural forest, as previously documented in the Fig. 4 Principal component analysis (PCA) of study plots based on the species abundance over the 3 years of study. Note the shift in species composition from the first to the 3rd year of the study study region (Steffan-Dewenter et al. 2007; Cicuzza et al. 2011) , rather than to management practices.
In conclusion, we found that the herb assemblages in the studied cacao agroforests were strongly influenced by chemical and mechanical weeding but only slightly by fertilization. A less frequent weeding management can thus not only preserve local herbaceous species, limiting the introgression of weedy species (Banful et al. 2007 ), but may affect the diversity and community composition of amphibians Aracea sp.
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Sphaerostephanos invisus (G. and reptiles (Wanger et al. 2009 ) and insects (Wielgoss et al. 2010) . A negative effect of intensive weeding is evidenced by changes in water balance, litter decomposition, and nutrient cycling of the upper soil layer (Watanabe et al. 2007; Smiley and Kroschel 2010) .
